Background Optimal leg alignment is the goal of tibial osteotomy. The Taylor Spatial Frame (TSF) and the Ilizarov method enable gradual realignment of angulation and translation in the coronal, sagittal, and axial planes, therefore, the term six-axis correction.
Introduction
The presence of a limb deformity alters the proper transmission of forces across adjacent joints [25, 39] . In the knee [2, 16, 39] and ankle [15] , even moderate malalignment (ie, 5°) reportedly initiates or facilitates the progression of osteoarthritis (OA).
Osteotomy of the tibia can reliably correct malalignment and one report suggests it may lead to cartilage regeneration [19] . Achieving overcorrection with a high tibial osteotomy (HTO) is important for achieving long-term success in the treatment of unicompartmental arthrosis [6, 42] . Although the closing wedge osteotomy can be used to correct malalignment, the technique has several limitations [1, 3, 6, 9] . These include the inability to adjust alignment without additional surgery and shortening results from removal of bone segments. The procedure decreases tibial bone stock in the metaphysis, which can lead to ligament laxity and patella baja, and can compromise future viability of a TKA [32, 37] . More recently, the medial opening wedge osteotomy has gained popularity as another option to avoid the complications associated with the closing wedge technique. This technique also requires acute correction and no ability to correct any residual deformity [7, 9] .
A percutaneous osteotomy combined with gradual correction using the TSF provides a way to correct a tibial deformity independent of magnitude, complexity, or location. The procedure uses small incisions and minimal soft tissue stripping, and can be used in all zones of the tibia. Without the need for complex frame modifications, the TSF can be used to correct angulation and translation in the coronal, sagittal, and axial planes around a virtual hinge, therefore, the term six-axis correction. The associated webbased software has simplified planning and performance of deformity correction for patients and physicians and has been used to treat all aspects of deformities in the lower extremities. Use of the TSF is associated with few complications [4, 10, 14, 33, 34, 40, 41, 44, 47] and corrects complex tibial deformities in adults and children.
However, published studies [4, 8, 10, 12, 13, 23, 24, 31, 38, 44] on the TSF have been in the form of case reports, have included small numbers of patients, and have combined various bones and etiologies. In addition, the methods of reporting deformity correction and alignment have been variable.
Using a larger series, we therefore asked the following questions regarding the accuracy and outcome of tibial deformity correction: (1) How accurate is the MAD correction at the proximal tibia? (2) How accurate is the medial proximal tibial angle correction (MPTA) and the lateral distal tibial angle (LDTA) correction at the proximal and distal tibia, respectively? (3) How accurate is correction of a tibial diaphyseal deformity? (4) What are the outcomes regarding SF-36 scores, American Academy of Orthopaedic Surgeons (AAOS) lower limb module (LLM) scores, the need for adjacent joint replacement surgery, and complications?
Patients and Methods
We used our osteotomy registry to identify all 102 patients (122 tibias) who underwent a tibial osteotomy surgery for deformity correction using the TSF (Smith and Nephew, Memphis, TN) between 2000 and 2007. Our indications for use of the TSF were uniplanar coronal plane deformity of a magnitude greater than 10°, oblique plane deformity, presence of rotational deformity, or compromised soft tissue envelope. We excluded patients with nonunions, patients who primarily underwent tibial lengthening, and patients who underwent deformity correction with a different method than the TSF. These methods included a monolateral frame for a coronal plane deformity in the proximal tibia less than 10°and intramedullary nailing for a diaphyseal deformity less than 10°. There were 44 females and 58 males with an average age of 39 years (range, 5-72 years). Twenty of the 102 patients had bilateral surgeries. The causes of deformity included 30 posttraumatic malunions and 72 cases of nontraumatic nature, including those of congenital, developmental, and neurologic etiologies. We created three groups by the location of the tibial osteotomy: proximal third (n = 84), middle third (n = 17), and distal third (n = 21). The proximal group was further divided into two subgroups: (1) treatment goal was a MAD of 0 mm (center) or (2) treatment goal was overcorrection of the MAD to 6 to 12 mm medial or lateral depending on the presenting problem. Twenty-three of the 84 limbs were intentionally overcorrected [6, 7] . The patients who had intentional overcorrection had either unicompartmental arthritis or a valgus deformity. The minimum followup after frame removal was 10 months (average, 48 months; range, 10-98 months). No patients were lost to followup. The study reflected a chart review and no patients were recalled specifically for this study. This was an Institutional Review Board-approved retrospective study.
Clinical preoperative evaluation included history and physical examination. Gait was observed. One of us (SRR) measured frontal plane deformity on a 51-inch erect leg bipedal radiograph. If there was a leg-length discrepancy (LLD), blocks (to the nearest 5 mm) were placed under the affected foot to level the pelvis and the height of the blocks was recorded. Leveling the pelvis improves reliability of the measurements of length and alignment on the 51-inch radiograph [36] . LLD was measured on the radiograph. MAD and joint orientation angles, lateral distal femoral angle, MPTA, posterior proximal tibial angle (PPTA), and LDTA were measured using the methods described by Paley et al. [25, 27] . We recorded the magnitude of the deformity by measuring the angle formed by the intersection of a line drawn from the center hip through the knee center with that of the distal mechanical axis of the tibia. In cases in which neutral alignment was the goal, the proximal mechanical axis line was drawn through the center of the knee. When overcorrection was the goal, the proximal mechanical axis line was drawn to the desired location on the knee. The mechanical axis of the opposite lower extremity was not used as the goal. In addition, we routinely obtained AP and lateral view radiographs of the tibia. Ankle deformity was evaluated by radiographs taken with the xray beam centered on the ankle. The outcome includes MAD data points that are medial and lateral to midline. To report the outcome most accurately, we averaged the medial data points and the lateral data points separately. This generates separate medial and lateral values.
All surgeries were performed by the senior author (SRR). Through a 1-cm incision, the tibial osteotomy was performed using a multiple drill-hole technique and it was completed with an osteotome. The location of the osteotomy was at or near the apex of the deformity. When the osteotomy was away from the apex of the deformity, intentional translation at the osteotomy site was needed to correct the limb alignment (Fig. 1) [25, 27] . Osteotomies were complete but left nondisplaced. Fibula osteotomies were performed in all cases. The location of the fibula osteotomy was the middle of the bone when accompanying a proximal or middle tibial osteotomy and was in the distal third when accompanying a distal tibia osteotomy. TSF frames were fixated to the bone with tensioned wires and hydroxyapatite-coated half pins. All corrections were made gradually after a latency phase of 7 to 10 days.
We entered deformity parameters into the TSF webbased software computer program [30, 43] and generated There is intentional lateral translation of the diaphysis through the regenerate bone. (G) A front view was obtained 3 months after frame removal. The total time wearing the frame was 193 days. (H) A bipedal 51-inch radiograph was obtained 3 months after frame removal, the LLD was 1 cm and the MAD was 12 mm lateral to the midline. (I) An AP radiograph of the knee 12 months after frame removal shows bony remodeling. MAD = mechanical axis deviation; MPTA = medial proximal tibial angle; LLD = leg-length discrepancy.
an adjustment schedule. The program requires input of deformity, frame, and mounting parameters, and a structure at risk, which determines the rate of correction [30, 43] . The patient is instructed to perform gradual adjustments of the six struts of the TSF three times per day. At the end of the schedule, which typically lasts 2 to 6 weeks, one of us (SRR) determined the limb alignment with physical examination and radiographs. We inspected the patient standing from the front, back, and side views and focused on iliac crest symmetry and leg alignment. On the 51-inch standing radiograph, we measured leg lengths, MAD, and joint orientation angles using the same methods used before surgery. When there was residual deformity, we generated and implemented another correction schedule.
Our criteria for frame removal were time of at least 2.5 months for angular correction and a reasonable external fixation index of 1.5 months per centimeter when lengthening also was performed [13] , ability to walk with minimal assistance, and the presence of bridging callus on three of four cortices using the AP and lateral radiographs. The total time wearing the frame averaged 130 days (range, 71-355 days), whereas the frame was used dynamically to correct deformity for 34 days (range, 7-99 days). Patients had an average of two schedules (range, 1-5 schedules), which they followed to turn struts on the TSF. These included the initial schedule and additional residual schedules. The total amount of simultaneous lengthening was an average of 1 cm (range, 0-6.6 cm). Twelve patients underwent simultaneous lengthening greater than 2 cm.
After surgery, patients were allowed to bear weight as tolerated and wean from the crutches as tolerated. For unilateral cases, most patients were walking without the need for two crutches at 6 to 8 weeks after surgery. Knee and ankle ROM exercises were encouraged with supervision of a physical therapist three times per week for 1 hour. Patients also were given a daily 1-hour home therapy program. Patients with bilateral deformities had staged correction with the second-side surgery typically at 6 to 8 weeks after the first side. ROM exercises of the knee and ankle were encouraged. A daily shower, including washing the pin sites with antibacterial soap, was encouraged. This was followed by daily pin care with half-strength hydrogen peroxide and then coverage of pin sites with a dry sterile gauze wrap. Patients were seen in the clinic every 10 to 14 days by the senior author (SRR) during the distraction phase. Once the alignment was corrected and the adjustments ended, patients were seen monthly until frame removal.
Rotational deformity was measured clinically by observing gait, foot progression angle, and thigh-foot axis in the prone position [25] . The rotational deformity corrections were as large as 40° (Table 1) . We did not have a cutoff level for inclusion.
Preoperatively and at the last visit, we obtained SF-36 Health Survey scores (physical function, role physical, bodily pain, general health, vitality, social functioning, role emotional, mental health) [35] and the AAOS LLM Patient Health Outcome Score [34] . SF-36 health surveys and LLM module scores were completed for 55 and 54 of 102 patients, respectively.
We recorded time wearing the frame, number of schedules, complications, and knee and ankle ROM. For all patients, deformity parameters, including degree of varus, valgus, apex anterior and posterior deformity, and internal and external rotation deformity, were extracted from the first schedule. This illustrated the magnitude and nature of the preoperative deformity ( Table 1) . Alignment of the proximal, middle, and distal tibial osteotomy groups were evaluated separately using the best measurements for each group. To assess alignment of the proximal tibia, MAD, MPTA, and PPTA were measured preoperatively and postoperatively by the senior author (SRR), and intraclass correlation coefficients were determined to test intraobserver reliability. The mean intraobserver reliability for these three measurements was 0.97 (range, 0.82-0.99). We analyzed the outcomes of MAD according to the preoperative treatment goal (normal versus overcorrection). To assess alignment of the middle tibia, we measured an absolute angular value obtained by the intersection of the proximal and distal diaphyseal lines [25, 30] . Whereas the MAD and MPTA are affected most by a proximal tibial deformity and the LDTA is affected most by a distal tibial deformity, these joint orientation angles are not a sensitive measure of a middle tibial deformity. The middle tibial deformity parameters instead were extracted from what was input into the first computer program (middle row of Table 1 ) and compared with the amount of angular deformity present on the latest AP and lateral radiographs. To assess alignment of the distal tibia, we measured preoperative and postoperative LDTA.
The aims of the analysis were to confirm a clinically important improvement in certain measurements postoperatively at an average of 48 months as compared with the preoperative measurements. The measurements of clinical importance are MAD in the proximal group, MPTA in the proximal group, LDTA in the distal group, SF-36 health survey scores, and AAOS LLM scores.
The data set of cases was transferred to Systat v10.2 (Systat Software Inc, Richmond, CA). Descriptive statistics were run on all the variables, means and standard deviations, and percentiles. Because differences between two continuous measurements on the same joints were the results of interest, paired t-tests were used. We determined the differences between the preoperative measurement and the corresponding matched postoperative measurement (the difference with time for each patient). No difference or change would result in a mean of zero. The paired t-test was used for each measurement: (1) MAD in the proximal group; (2) MPTA in the proximal group; (3) LDTA in the distal group; (4) SF-36 health survey scores; and (5) AAOS LLM scores.
Results
In the proximal group, the MAD correction was accurate. Patients with a varus deformity had a preoperative MAD of 38 mm medial to the midline. For patients with a goal of a MAD of 0, this improved to an average of 5 mm medial and 5 mm lateral to midline. In patients in whom the goal was overcorrection, the MAD improved to 8 mm lateral to the midline. In the proximal group, patients with a valgus deformity had a preoperative MAD of 33 mm lateral to the midline. For patients with a goal of a MAD of 0, this improved to an average of 8 mm medial and 3 mm lateral to midline. In patients in whom the goal was overcorrection, the MAD improved to 12 mm medial to the midline ( Table 2 ). Sagittal (apex anterior and apex posterior) and axial planes (internal and external rotation) were corrected to a satisfactory degree in all cases.
The corrections of MPTA and LDTA were accurate. In the proximal group, the MPTA improved from 80°to 89°i n patients with a varus deformity, and from 96°to 85°in patients with a valgus deformity ( Table 3 ). In the distal group, the LDTA improved from 77°to 86°in patients with a valgus deformity, and from 101°to 90°for patients with a varus deformity (Table 4) . The correction of tibial diaphyseal deformity was accurate. The preoperative middle tibial deformity was multiplanar (Table 1, row 2) . Postoperatively, all patients had less than 5°of coronal plane deformity and 15 of 17 patients had less that 5°of sagittal plane deformity. All rotational deformities were corrected.
The SF-36 Health Survey scores improved in all categories (Table 5) . LLM scores improved from 76 (range, 5-100) to 86 (range, 51-100) (p \ 0.001). There were no differences between preoperative and postoperative ankle and knee ROM (Table 6 ). There were six complications. According to the complication classification described by Paley [26] , there were three complications that resolved without surgery, two complications that required operative intervention, and one major complication. Two patients had cellulitis develop that required a 10-day course of intravenous antibiotics. One patient (a man who had breast cancer and was being treated with tamoxifen) had delayed union and lost some of the correction after frame removal. His preoperative MAD was 68 mm medial and he underwent correction to neutral, but after frame removal, he had partial recurrence of the deformity and his final MAD was 35 mm medial ( Table 2 , row 1). He elected not to have additional surgery. Two patients (three legs) had peroneal nerve neurapraxia that resolved by slowing the correction in one patient and with bilateral nerve release in one patient. These patients had scar tissue from previous surgery. Most patients had superficial pin infections at some point during the treatment that successfully responded to oral antibiotics. There were no deep infections. The goals of surgery were achieved in 121 of 122 limbs (99%). The TSF was used to correct all aspects of a tibial deformity. At the time of review, none of the patients had undergone conversion surgery to TKA, unicompartmental knee arthroplasty, total ankle arthroplasty, or had ankle fusion.
Discussion
Although deformity correction of the tibia often can be accomplished with an acute correction and the use of internal fixation, this method has limitations [1, 28, 42] . The presence of poor skin, multiplanar deformity, history of infection and shortening, and lack of postoperative adjustability shows the limitations of this method. The Ilizarov method using the TSF offers a versatile approach to correct all aspects of a tibial deformity. We therefore asked: (1) How accurate is the MAD correction at the proximal tibia? (2) How accurate are the MPTA and LDTA corrections at the proximal and distal tibia, respectively? (3) How accurate is the correction of tibial diaphyseal deformity? (4) What are the outcomes regarding SF-36 scores, AAOS LLM scores, need for adjacent joint replacement surgery, and complications?
Our study has several limitations. First, the patients were reviewed retrospectively and all data were retrieved from charts. Most of the radiographic measurements were recorded in the chart, but there were times that we needed to measure radiographs retrospectively. However, the measurements were made by one author using a uniform method and our intraobserver reliability was high (0.97). Second, complete sets of the SF-36 and AAOS LLM scores were available for approximately 50% of patients. This may reflect bias and must be taken into consideration. Third, we combined all regions of the tibia in this study, although each region of the tibia has its own Gradual correction with TSF of all tibial deformities is safe and precise MAD = mechanical axis deviation; MPTA = medial proximal tibial angle; PPTA = posterior proximal tibial angle; HTO = high tibial osteotomy; LDTA = lateral distal tibial angle; LLD = leg-length discrepancy.
measurements. However we thought it was important to consolidate these into one group of tibial deformity to illustrate the comprehensive nature of this approach. We did use different and the most relevant radiographic measurements [25, 27, 36] for proximal, middle, and distal groups, and we evaluated the groups separately for alignment (Tables 2-4 ) [12, 17, 31, 34, 41, 43] . The TSF has been used for fracture treatment [4] and reconstruction of the tibia [8, 10, 11, 14, 23, 24, 28, 40, 44, 45, 47] , ankle [22] , femur [8, 21, 29] , and upper extremity [38] in children and adults. Precise deformity correction and ease of use have been cited as advantages of the TSF [20, 23, 49] .
Gradual correction [11, 44, 45] was done [17, 18] . Patients had an average of two schedules (range, 1-5), which they followed to turn struts on the TSF. The total time wearing the frame averaged 130 days. Although this patient group included only those with deformities, there was associated LLD in some patients (1 cm average; range, 0-6.6 cm). The average final LLD was 0.3 cm (range, 0-5 cm). This explains the long distraction time and time wearing the frame for some patients. Patients who underwent deformity correction without lengthening typically wore the frame for 3 months.
Our outcomes were similar to those in other studies of the TSF [8, 10-12, 14, 23, 24, 30, 40, 44, 45, 47] , but our analysis of deformity correction was more detailed (Table 7 ). In the proximal tibia, the goal of correction is often variable and for this reason, we divided the groups into a neutral goal and a goal of overcorrection. MAD outcome data points are either medial or lateral to the midline, and we reported MAD lateral and medial to the midline separately. All medial MAD data points were averaged and the range was recorded. All lateral MAD data points were averaged and the range was recorded. This results in two separate averages. These were not combined (with a positive and negative value) because in doing so, the mean would be erroneously close to zero despite even a large range. The other option of using an absolute value for MAD and ignoring whether it was medial or lateral was not used in this study. The absolute value method gives less precise outcome information because medial and lateral data points are combined and only a generic distance from the midline is generated. Similarly, MPTA and LDTA were analyzed separately in two groups, less than 90°and 90°or greater [1, 5, 37, 46, 48] . We wanted to determine the accuracy of MAD correction of the proximal tibia. Only one study [11] examined MAD correction by comparing acute and gradual corrections at a proximal osteotomy. Our results were comparable to their outcome of 3.1 mm. However we looked at goals of neutral and overcorrection.
Another goal of our study was to examine the accuracy of joint orientation angle (MPTA and LDTA) correction. The study by Feldman et al. [11] is the only one that examined MPTA correction. They reported correction to within 3°of normal in 17 of 18 patients. Our outcomes were comparable. We observed correction of MPTA in varus and valgus deformities of the proximal tibia in 84 cases. We did not find a study that examined correction of the LDTA in the distal tibia. The accuracy of diaphyseal tibial deformity correction was examined. Less than 5°of deformity was achieved in almost all cases. This was comparable to the accuracy of deformity correction reported in other studies [4, 12, 34] , but details specifically regarding a middle diaphyseal deformity of the tibia were scant.
Finally, reporting outcomes of our group regarding SF-36 scores, LLM scores, need for joint replacement surgery, and complications was a goal. We did not find other studies that examined SF-36 or LLM scores. Our complications were comparable to those experienced by others [4, 10-12, 21, 37, 48] . None of the TSF studies reported on patients undergoing subsequent joint replacement. Tibial deformity correction with the Ilizarov method not using the TSF also has been used with success (Table 8 ) [1, 5, 37, 46, 48] . Survivorship rates after a HTO for a medial compartment OA using an Ilizarov frame reportedly are 89% and 63% at 5 and 10 years, respectively [48] . Although we did not have any patients who went on to have a joint replacement, our followup was relatively short (48 months).
Our experience suggests one can comprehensively approach the spectrum of tibial deformities with the TSF. This is particularly useful when there is a history of infection, LLD, and a poor soft tissue envelope.
